Abstract Purpose: Our intention was to evaluate the role of combined diffusion magnetic resonance imaging and spectroscopy in diagnosis and grading of brain tumors. Materials and methods: Ninety-three included cases underwent magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS) of the brain lesion, stereotactic or open biopsies and histopathological examination. MRI protocol included DWI and calculated ADC values. Multivoxel MRS spectroscopic technique (MVS) was used and all MRS metabolic parameters were obtained. Results: High grade tumors had significantly lower ADC values than low grade tumors (P < 0.001). ADC values were the lowest in lymphoma (0.54 · 10 À3 mm 2 /s) and the highest in craniopharyngioma (1.9 · 10 À3 mm 2 /s). MRS revealed a statistically significant difference in CHO/NAA and CHO/Cr ratios between low and high grade tumors with P < 0.01 and P < 0.001, respectively. The mI/Cr ratio and presence of lactate, lipid and taurine also aided in differentiation and grading of brain tumors. The overall MRI/MRS sensitivity and specificity were 91%, 90.5%, respectively. Conclusion: MRS has a robust diagnostic accuracy in cases of well defined high or low grade brain neoplasms. ADC value had the ability to confirm and differentiate low from high grade tumors in many situations where there were diagnostic confusions with MRS due to borderline values.
Introduction
Brain tumors represent an important cause of morbidity and mortality and are frequently difficult to treat. Grading of intracranial neoplasm is of prognostic role and has an important inference in further management decision. Clearly, the main purpose of progressive development of non invasive imaging techniques, like MRI/MRS techniques, is to improve diagnostic accuracy and minimize the need to more invasive diagnostic options. For tumors where surgical resection is not the initial therapeutic option, an accurate non-invasive diagnosis would avoid an invasive procedure (1) . Evolution in MRI procedures has improved its value for assessing brain tumors both before and after treatment. DWI is one of the most widely available, practical, and robust techniques (2) . It reveals the Brownian motion of tissue water. The apparent diffusion coefficient (ADC) is principally determined by tissue cellularity, as measured by the intracellular and extracellular volume fractions (3) . ADC is a helpful maneuver in discrimination between certain types of brain tumors, like malignant lymphomas versus glioblastomas and metastatic tumors, and ependymomas versus PNETs (4) . MRS contributes to metabolic assessment of brain tumors outside that can be obtained from anatomic imaging. Brain metabolites assessed by MRS can characterize features of neuronal integrity (NAA), cell membrane proliferation or degradation (Cho), energy metabolism (Cr) and necrotic transformation of brain or tumor tissue (lipid/lactate) (5) . The field of clinical applications of proton MRS (1H MRS) in brain neoplasms is broad and includes; classification and grading of tumor type (6) , detect subtle differences between low grade brain tumors (7) , differentiating brain abscesses from cystic or necrotic tumors, evaluating the response of brain tumors to different therapeutic options and ability to differentiate between tumor recurrence and radiation necrosis (8).
Materials and methods
One hundred and forty-five consecutive cases were recruited. All patients underwent proper history taking, MRI and MRS of the brain lesion, stereotactic or open biopsy and histopathological examination of the tumor as a gold standard method to provide accurate diagnosis.
MRI protocol
MRI 1.5-Tesla unit was used for all patients at the radiodiagnosis department at Tanta University. Scan parameters used were; T1 weighted images (T1 WI) with short TR 400-500 ms. and short TE 15-25 ms. T2 weighted spin echo images (T2 WI) with long TR 3500-5000 ms and long TE 80-100 ms, Fluid Attenuation Inversion Recovery (FLAIR) images with TR 2000-3000 ms. TE 15-25 ms, inversion time TI 700 ms and gadolinium enhanced T1 images. In addition, diffusion weighted images (DWI) were obtained by using an axial echo -planar SE sequence (6000/92 s) [TR/TE], one average, 5 mm section thickness. DW images and ADC maps were acquired by using b values of 0, 500 and 1000 s/mm 2 applied in the X, Y and Z directions. Tumoral core and peri-tumoral high signal intensity areas were sampled manually, while preferably avoiding cystic and necrotic areas. Standard mean ADC values were calculated automatically and expressed in 10-3 mm /s. In all cases, normal, tumoral and peritumoral regions were defined on the bases of the following imaging features: (1) Normal tissue; an area containing no enhancement and normal signal intensity on T2 WIs and)FLAIR(, (2) Tumoral area; a region containing a well-defined solid portion, contrast enhancement or abnormal signal intensity on T2 WIs and (FLAIR), (3) Peritumoral area, a region containing no enhancement and shows high signal intensity on T2 WIs and (FLAIR) and peri-lesional edema.
MRS protocol
All cases were evaluated by multivoxel spectroscopic technique (MVS). In MVS, we applied 16 · 16 grid avoiding areas that show hemorrhage or necrosis and avoiding contamination from nearby bone or CSF spaces. From this grid only 9 or 8 separate voxels (voxel size, 15 · 15 · 10 mm) were individually placed in the area of the tumor, peritumoral area and contralateral normal brain area. We used point resolved spectroscopy (PRESS) with parameters TR/TE 1000/144 and 1500/35. Both long and short TE (144 and 35 ms) were used. Long TE was used to visualize peak intensity of CHO, Cr, Mi and NAA, to obtain CHO/NAA CHO/Cr and mI/Cr ratios and to determine the presence of Lactate (Lac). Short TE was mainly used to illustrate Lipid (Lip) peak. In addition, alanine and taurine levels were obtained from intralesional parts.
Biopsy and histopathology methods
Open or stereotactic biopsies were obtained by an expert neurosurgeon. In our study histopathology was done for all cases except in 8 cases of metastasis and one case of lymphoma which were unfit for surgical procedure with a known history of primary tumor. Thirty-eight cases underwent open biopsy and 46 cases underwent stereotactic biopsy. Formalin-fixed paraffin-embedded tissue sections were used. The sections were then evaluated for the presence of nuclear pleomorphism, mitotic figures, micro vascular proliferation, and necrosis. Grading and typing of tumors was based on the World Health Organization (WHO) criteria. According to WHO, tumors were classified into low grade tumors (I-II) and high grade tumors (III-IV).
Data analysis
Statistical data analysis was performed, using statistical package for social science (SPSS), version 16. For interpretation of results, P value of 60.05 was considered significant.
Results
The 93 patients who proved histopathologically to have brain tumors, included 51 males (55%), 42 females (45%) with their ages ranging from 10 to 73 years. The most common age of incidence of brain tumor in our patients was >50 years (40.8%).
According to histopathological findings
The primary tumor of origin represented 84%, while metastatic brain tumors in 16% cases. Out of 93 included patients, 34 (31%) cases had low grade tumors (Grades I, II), while 64 cases (69%) had high grade tumors (Grades III and IV). Sixty (64.5%) cases were glial tumor in origin, while 33 cases (35.5%) were non glial tumor in origin. Glioblastoma multiformis was the most common of glial tumors (49.2% of glial tumors), while metastasis was the most common of non glial tumors (45.4%). According to WHO classification (9), low grade tumors are grades I, II and high grade tumors are grades III and IV, ( Table 1) .
According to MRI findings
Intra axial tumors represented 82 cases (88.2%) while extra axial tumors were 11 (11.2%) cases. The most common intra axial tumor in our patients was glioblastoma multiformis (GBM) (32% of all intra axial tumors), while the most common extra axial tumor was meningioma (45.4% of all extra axial tumors). The diagnosis is based on signal intensity, heterogenousity, necrosis, hemorrhage, edema and mass effect, ( 
According to MRS findings
The calculated CHO/NAA and CHO/Cr ratios showed significant difference between low and high grade tumors with no significant difference between different tumors of the same grade, (Fig. 2) . There was significant difference in CHO/ NAA mean values between low and high grade tumors with P value (<0.01).
Similarly, there was highly significant difference in CHO/Cr mean values between low and high grade tumors with P value (<0.001) (Fig. 2) . Myoinositol which is considered as a glial marker also added additional diagnostic value to MRS. Our findings showed that Myoinositol was higher in patients with low grade glioma and lower in those who had high grade glioma. Calculated mI/Cr ratio was higher in patients with lowgrade astrocytoma, ependymoma, oligodendroglioma and lower in patients with anaplastic astrocytoma, choroid plexus carcinoma and GBM, (Fig. 3) .
The presence of lipids and lactate was also aided in grading of brain tumors. Both long and short TE (144 and 35 ms) respectively were used to evaluate the presence of lactate and lipid. The lactate peak was well demonstrated on long TE while the lip peak was much more evident on short TE. Low grade gliomas showed absent or low lactate and lipid. With increasing malignancy, there was an increase in lactate and lipid peaks with a significant difference for lipid between low and high grade tumors (Fig. 4) . All the cases of GBM, medulloblastoma, germinoma, lymphoma, choroid plexus carcinoma and metastases show high lipid/lactate peaks. Craniopharyngioma is a benign tumor that showed high lipid lactate due to its cholesterol content ( fig. 5 ).
In the present study, additional MRS diagnostic value was also found in the differentiation between primary high grade brain tumors (GBM and lymphoma) and metastatic tumors using the calculated CHO/NAA and CHO/Cr ratios from perilesional voxels. The primary tumors showed increased ratios (more than 1.2) which denote peri-lesional infiltration, while metastatic tumors showed normal ratios denoting peri-lesional edema. Moreover, MRS showed a significant role in differentiation between medulloblastoma and ependymoma by the presence of taurine (at 3.4 ppm) which is a specific metabolite for medulloblastoma (Table 2) .
MRS has also aided in the differentiation between pituitary adenoma and craniopharyngioma, as pituitary adenoma showed high choline while craniopharyngioma showed high lipid, lactate (cholesterol content) with absence of other metabolites. In the present study MRS showed the ability to confirm the diagnosis of Meningioma cases by the presence of alanine (at 1.4 ppm) which is a specific metabolite for meningioma. MRS was insignificant in differentiation between meningioma and acoustic neuroma because both tumors have same spectroscopic pictures (Table 3) .
MRS shows ability to differentiate between tumor recurrence and radiation necrosis, tumor recurrence showed high Cho/Cr ratio, and Cho/NAA, while radiation necrosis showed high lipid/lactate levels with normal ratios of Cho/Cr ratio, and Cho/NAA. The overall diagnostic accuracy of combined MRI/MRS in 93 cases in whom histopathology were obtained was 91% with considerable high sensitivity (91%) and specificity (90.5%) (Figs. 6-8 ).
In few cases MRS was not able to accurately diagnose the brain tumor type or grade. One case of gliomatosis cerebri was initially diagnosed as low grade glioma, 2 cases of astrocytoma grade II were diagnosed as anaplastic astrocytoma, 2 cases of anaplastic astrocytoma were diagnosed as GBM, one case of ependymoma was diagnosed as low grade astrocytoma and 2 cases of glioblastoma multiformis were diagnosed as metastasis. These cases were diagnosed histopathologically. In addition, MRS has a limited role in brain tumors with massive hemorrhage as massive hemorrhage interferes with spectroscopy results. Finally, in the present study we excluded 52 cases of non neoplastic tumor like conditions. Clinical presentation, combined MRI/MRS, and therapeutic response of these cases were concordant to be non neoplastic. Most of these cases were radiation necrosis, brain infarction, tumefactive MS, brain abscess and brain gliosis (Figs. 9 and 10 ).
Discussion
During the proposal of this study, it was clear to us that MRS alone may have inadequate specificity in diagnosing of (10) mentioned that the glial cell tumors are the most common primary central nervous system neoplasm. In agreement with Doolittle (11), the most common glial tumor in our study was GBM (53.3% of all glial tumors). Diffusion WI was used as indicator of tumor grade by providing information about tumor cellularity. In the present work, there was statistically significant difference between mean calculated ADC values of low and high grade tumors with no significant difference tumor of the same grade. Subsequently, the mean calculated ADC values were considerably effective in grading of malignant tumors. Bulakbasi et al.
(12) and Vincentelli et al. (13) agreed with our findings and explained that the greater the density of structures hindering water mobility, the lower the ADC and that the differentiation of pathologic subtypes having the same grade by ADC value is more problematic than grading ratios. Moreover, ADC value could characterize lymphoma from GBM. The ADC value of lymphoma (0.54 ± 0.18 · 10 -33 mm 2 s) was lower than that of GBM (0.9 ± 0.047 · 10 -33 mm 2 s). This can be explained by higher cellularity of lymphoma than GBM (due to presence of necrosis). This is in agreement with Toh et al. (14) who mentioned that the ADC is useful in the distinction between lymphoma and GBM infiltrating the corpus callosum. In addition, combination of DWI and ADC value could differentiate between GBM and metastatic tumors by the presence of tumor infiltration in GBM and perilesional vasogenic edema in metastasis. Lee et al. (15) 4), the ADC value of craniopharyngioma (1.9 · 10 -33 mm 2 s) was higher than that of pituitary adenoma (1.7 ± 0.2 · 10 -33 mm 2 s). In the present study we used MVS as it has the ability to survey the whole neoplastic area, peritumoral area for infiltration and edema. Both long and short TE (144 and 35 ms) were used. The spectra of long TE can easily detect and quantify peaks of NAA, CHO and Cr (17) . In general, MRS of intracranial neoplasms typically shows elevated choline and reduced NAA and creatine. McKnight et al. (18) have shown that the Choline/NAA and Choline/Cr ratios are in parallel with cell density, proliferative index and the ratio of proliferation to cell death. As well, both ratios increase with an increase in grade of malignancy. In our cohort of patients, the significance of CHO/NAA and CHO/Cr ratios in diagnosis and grading of brain tumor has been demonstrated. CHO/Cr ratio was more significant (P < 0.001) than CHO/NAA ratio (P < 0.01). Further, GBM had higher CHO/NAA and CHO/Cr ratios than anaplastic astrocytoma. Brandao et al. (19) similarly reported a statistically significant higher Cho/Cr, Cho/NAA in high grade gliomas and added that Cho/Cr ratio is specifically useful in grading of brain gliomas. By contrast, Howe et al. (20) stated that Cho/Cr is elevated in grade III more than Grade IV gliomas because of prominent necrosis that is usually present in grade IV gliomas. This disagreement may be explained by that we intentionally choose and placed the voxels in the most enhanced solid parts away from necrotic areas. Additional importance of MRS parameters in discrimination of brain neoplasms was found. MRS could distinguish between GBM and metastasis by calculating perilesional CHO/NAA and CHO/Cr ratios. GBM showed high CHO/NAA and Sutton et al. (26) They stated that all the pituitary adenomas showed prominent peak of choline with no other metabolites. The presence of NAA and Cr with dominant CHO peak in our results may be explained by contamination with neural tissue. For the 5 cases of meningioma, MRS showed unique presence of alanine in addition to increased choline, reduced creatine and NAA. This is in accordance with other authors (23, 27) who declared that the most characteristic feature of meningiomas is the presence of alanine. One case of acoustic neuronal was included in our study. MRS showed a similar spectroscopic picture to that of meningioma cases. However, there was elevated lipid and lactate which may be related to the presence of cystic component of the tumor. Brandao et al. (19) explained that lipids do not necessarily represent necrosis but may be related to the presence of cysts. MRS was insignificant in differentiating between meningioma and acoustic neuroma due to similar spectroscopic picture of both tumors. The MRS of 3 cases of cerebellar medulloblastoma characteristically showed the presence of taurine which is the most specific metabolite for diagnosis of medulloblastoma in addition to elevated Cho/Cr and Cho/ NAA ratios, and presence of lipid and lactate. Spectroscopy was significant in differentiation between medulloblastoma and ependymoma. Medulloblastoma cases showed a marked presence of taurine, lipid and lactate which are absent in epenymoma. As well, there were higher CHO/NAA and CHO/Cr ratios in medulloblastoma cases than in ependymoma cases.
On the other hand myo instol is elevated in ependymoma and absent in medulloblastoma. This is in accordance with Majos et al. (28) who verified that the elevation of the Cho peak, Cho/Cr and Cho/NAA ratios in medulloblastomas is linked to the high cell density and reflecting its malignant nature.
Comparative results of combined MRI/MRS and histopathological established that the diagnostic accuracy of combined MRI/MRS was 91%, with high sensitivity (91%) and specificity (90.5%). Comparable findings were mentioned by other investigators (29, 30) . Majo´s et al. (31) also elucidated that brain tumor classification using spectroscopy was accurate in 105 of 112 cases, with an accuracy of 94%. Expectedly, eight out of 93 cases were mis-graded or mis-diagnosed by MRS. The spectroscopic overlapping is well known and has been documented by many authors. Brandao et al. (19) showed some overlap between grades II and III astrocytomas also between GBM and metastasis. The overlap between GBM and metastasis was explained that the high MRS parameters in the peritumoral region surrounding a GBM may not be demonstrated in the spectrum, as these changes are related to a number of tumor cells that have infiltrated the peritumoral area. If no elevation of the CHO peak is seen in the peritumoral area, a high grade primary tumor cannot be ruled out. Although not directly tested, MRS potentially plays an important role in biopsy guidance to recognize regions of high metabolic activity. This is especially important when histopathology is not helpful due to sampling errors or only a few small tissue samples were obtained by stereotactic biopsy. Chernov et al. (32) revealed that compared to MRIguided technique they have described an increase in the diagnostic yields of MRS-supported stereotactic brain biopsies from 90% to 100%. Finally, this study showed that MRS had a valuable role in differentiation between tumor recurrence and radiation necrosis. Smith et al. (33) demonstrated that the distinction between recurrent tumor and radiation necrosis using the Cho/NAA ratio could be made with 85%sensitivity and 69% specificity.
In conclusion, combined calculated ADC values from DWI and MRS techniques, have yielded a significant synergetic potency in diagnosis of intracranial neoplasms. MRS has robust diagnostic accuracy in cases of well defined high or low grad brain neoplasms. ADC value had the ability to confirm and differentiate low from high grade tumors in many situations where there were diagnostic confusions with MRS due to borderline values. To a significant extent, our inferences can be reflected on clinical practice and decision making, as it may obviate or at least minimize the need for more invasive diagnostic techniques. Other potential benefits include, measuring treatment effect, guidance of brain biopsy, differentiation between radiation necrosis and tumor recurrence, follow up of brain tumors and differentiation between neoplastic and non neoplastic tumor like conditions.
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